Abstract. Epigenetic analyses have shown that aberrant DNA methylation signatures are associated with breast cancer molecular subtypes. In this study, we analyzed the methylation status of breast cancer-related genes in relation to the molecular subtypes and investigated whether the basal-like subtype displays distinct methylation profiles. By using pyrosequencing, we analyzed the DNA methylation status of 5 candidate genes in 60 breast cancer samples. We compared the methylation frequency across the molecular subtypes and analyzed the correlation between methylation levels and clinicopathological characteristics. A total of 59 cases displayed aberrant methylation. Amplification during polymerase chain reaction analysis failed in 1 case. The median methylation levels of the secreted frizzled-related protein 1 (SFRP1) gene were significantly lower in the basal-like subtype compared to the luminal A, luminal B and human epidermal growth factor receptor 2 (HER2) subtypes. Cadherin 13 (H-cadherin; CDH13) methylation levels were significantly higher in the HER2 tumors compared to the luminal A and basal-like subtypes. A comparison of the methylation status with clinicopathological characteristics revealed that the expression of Bcl-2, progesterone receptor and epidermal growth factor receptor were associated with SFRP1 gene methylation status. Our results indicate that the basal-like subtype is associated with low methylation levels of the SFRP1 gene, suggesting that the methylation levels of specific breast cancer genes may potentially serve as epigenetic biomarkers and prognostic factors.
Introduction
Breast cancer is a molecularly, biologically and clinically heterogeneous disease. Previous microarray profiling studies on breast cancer have identified subtypes that are associated with different clinical outcomes (1, 2) . These subtypes are classified as luminal A, luminal B, human epidermal growth factor receptor 2 (HER2), basal-like and normal-like subtypes. The identification of gene expression-based breast cancer subtypes is considered a critical means of prognostication (3) and the basal-like subtype is an aggressive tumor that has a poor prognosis and no specific targeted therapy. Since it is not always feasible to obtain gene expression array information, a simple classification using a combination of immunohistochemical markers has been proposed and adopted in clinical practice (4, 5) . However, there is still a need for well-defined biomarker panels that allow breast cancer subtyping for clinical diagnostics and the management of the disease.
Breast carcinogenesis is a multistep process resulting from the accumulation of genetic alterations, as well as epigenetic changes, such as promoter methylation and histone modification (6, 7) . Promoter hypermethylation at specific gene loci leading to gene silencing is a major mechanism of epigenetic inactivation in cancer cells. A previous genome-wide study on breast cancer has led to the identification of a number of tumor suppressor genes that are inactivated by promoter hypermethylation (8) , and epigenetic analyses have shown aberrant DNA methylation signatures associated with the molecular subtypes of breast cancer (9, 10) . However, limited information is available on the methylation status of candidate genes associated with each molecular subtype.
The purpose of this study was to analyze the methylation status of breast cancer-related genes according to the molecular subtypes found in Korean women, and to investigate whether the basal-like subtype displays distinct methylation profiles compared with the other subtypes. We included 5 genes that are involved in breast carcinogenesis and are commonly methylated in breast cancer [cadherin 13 (H-cadherin; CDH13), secreted frizzled-related protein 1 (SFRP1), fragile histidine triad (FHIT), Syk and retinoblastoma protein-interacting zinc-finger gene 1 (RIZ1)] and analyzed the methylation status of these genes using a sensitive and quantitative pyrosequencing assay. Pyrosequencing. Methylation analysis was carried out using pyrosequencing. Primers were designed using the PyroMark Assay Design program version 2.0.1.15 (Qiagen) and the sequences are presented in Table I . Polymerase chain reaction (PCR) was carried out using bisulfate-treated DNA under the following conditions: 95˚C for 5 min; 45 cycles of 95˚C for 30 sec, 55˚C for 30 sec and 72˚C for 30 sec; and a final extension of 5 min at 72˚C. PCR was conducted using a PCR premix (Enzynomics, Daejeon, Korea), and the quality and quantity of the PCR product was confirmed by performing agarose gel (2%) electrophoresis with loading 4 µl of 20 PCR products. Pyrosequencing was performed using the Pyro Gold kit and PSQ 96MA instrument (Qiagen) as instructed by the manufacturer. The methylation index (MtI) of each gene in each sample was calculated as the average value of m C/( m C + C) for all examined CpG sites in target regions. All experiments included a negative control without a template.
Materials and methods

Patients and tumor characteristics.
Statistical analysis. Statistical analyses were carried out using SPSS version 15.0 software (SPSS Inc., Chicago, IL, USA). A one-sample Kolmogorov-Smirnov test was used to evaluate the normal distribution fit of continuous parameters. The clinicopathological characteristics were compared across the 4 different breast cancer subtypes using the χ 2 test or Fisher's exact test for categorical data, and ANOVA or the non-parametric Kruskal-Wallis test for continuous data. A comparison of the mean methylation frequencies across the subtypes was performed using ANOVA or the KruskalWallis test, and distributions of methylation levels across the different subtypes were depicted for each gene using box plots. Associations between methylation status and clinicopathological characteristics were assessed using the Student's t-test or the non-parametric Mann-Whitney U test for categorical variables, and correlation between 2 continuous variables was assessed using correlation analysis. All tests were two-sided and a P-value <0.05 was considered to indicate a statistically significant difference.
Clustering analyses were performed using GeneSpring GX version 7.3 (Agilent Technologies Inc., Santa Clara, CA, USA) on the basis of the mean methylation levels of genes and the CpG sites. Hierarchical clustering was performed using Pearson's correlation distance and average linkage.
Results
Clinicopathological characteristics. The patient characteristics are presented in Table II Fig. 1) . The CDH13 methylation level was significantly higher in HER2 tumors compared to the luminal and basal-like subtypes (P=0.006 and P=0.012, respectively) ( Table V) . The median methylation level and average methylation ratio of the SFRP1 gene were significantly lower in the basal-like subtype compared to the luminal A, luminal B and HER2 subtypes (P=0.002, P<0.001 and P=0.003, respectively).
FHIT, Syk and RIZ1 methylation levels showed no significant differences among the molecular subtypes.
Gene-specific patterns of methylation for classification of breast cancer. The varying methylation frequencies of the CDH13 and SFRP1 genes in the different breast cancer molecular subtypes provides evidence for subtype-specific methylation profiling in breast cancer classification. In particular, a low frequency of SFRP1 methylation was significantly associated with the basal-like subtype (P<0.001). We determined the area under the curve (AUC) of the receiver operating characteristic (ROC) curve for the mean methylation level of the SFRP1 gene. For the cut-off value of 7.50%, the AUC was 0.941, with a sensitivity of 91.7% and a specificity of 84.2%. Unsupervised hierarchical clustering based on the 5 genes and the variable methylated CpG loci of each gene resulted in the formation of multiple small clusters that had no similar biological patterns. As shown in Fig. 2 , the results showed classes that were not well separated and that did not appear to be associated with a molecular subtype.
Methylation status and clinicopathological parameters.
A comparison of the methylation status with the clinicopathologic characteristics revealed that the negative expression of ER, PR and HER-2, and the positive expression of Bcl-2 and EGFR were associated with a low level of SFRP1 gene methy lation (P=0.002, P=0.015, P<0.001, P=0.001 and P<0.001, respectively) ( Table VI) . The correlations between the methylation status of RIZ1, Syk and FHIT and the clinicopathological characteristics were dissimilar, RIZ1 was associated with menopausal status and age (P=0.015 and P=0.042, respectively). Syk was associated with histological grade (P=0.016).
Discussion
Gene expression microarray analysis has made it possible to identify distinct molecular subtypes that are associated with different clinical outcomes (1) (2) (3) . Previous studies have documented the aberrant methylation of CpG islands in gene promoters in breast carcinogenesis (7, 8) , and have indicated Table IV . Methylation levels in breast cancer subtypes. Table VI . Association between clinicopathological characteristics and DNA methylation levels (P-value). that specific DNA methylation patterns may be associated with some of the known breast cancer subtypes (9,10). We observed a significantly lower methylation level at a CpG site in the SFRP1 gene in the basal-like breast cancer subtype when compared with other molecular subtypes, consistent with the results of a previous study (13) . SFRP1 is a member of the SFRP family (14) and a putative inhibitor of Wnt signaling (15, 16) that plays a key role in embryonic development, cell differentiation and proliferation, as well as tumor development and progression (17) . It has been described that SFRP1 expression is frequently lost or downregulated in breast cancer (18, 19) , and the loss of SFRP1 expression is associated with poor prognosis, indicating a putative tumor suppressor gene function of SFRP1 (19) . Furthermore, a recent study indicated that SFRP1 has potential as a novel biomarker for the triple-negative breast cancer phenotype (20) . Thus, SFRP1 hypermethylation may contribute to breast carcinogenesis, and may be useful as a novel prognostic marker of breast cancer, particularly basal-like tumors. In our study, 83.3% of the breast cancer cases had an aberrant methylation of the SFRP1 gene. This result suggests that promoter hypermethylation is the predominant mechanism of SFRP1 gene silencing in human breast cancer, as shown in a previous study (21) , although SFRP1 protein expression analysis was not included in this study. Of the 60 cases that we analyzed, 15 were of the basal-like subtype and tended to have decreased methylation of the SFRP1 gene, suggesting that the DNA methylation of this gene may contribute to the phenotype of breast cancer subtypes, particularly the basal-like subtype.
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The basal-like subtype of breast cancer has a triple-negative phenotype with a poor prognosis and no specific targeted therapy, despite an increased response to chemotherapy compared to other breast cancer subtypes. Of note, a recent study reported that, in triple-negative breast cancer, SFRP1 expression significantly correlates with an increased sensitivity to neoadjuvant chemotherapy with taxane/anthracycline, and preliminary experiments with siRNA-mediated knockdown of SFRP1 showed a significantly decreased sensitivity to paclitaxel, doxorubicin and cisplatin (20) . In our study, the low frequency of SFRP1 methylation in the basal-like subtype may account for the higher expression of SFRP1 in basal-like tumors compared to the other breast cancer subtypes and the associated increase in response to chemotherapy in triple-negative breast cancer compared to the other subtypes. These results suggest that SFRP1 signaling and methylation have potential as biomarkers tailored for the basal-like subtype, and may be used to predict chemotherapy response, as well as for treatment selection.
In addition, analysis of genes related with subtype-specific methylation revealed that CDH13 was specifically hypermethylated in HER2 tumors when compared with the other molecular subtypes. This result is in accordance with a previous study stating that the CDH13 gene is highly methylated in HER2/neupositive breast cancers (22) . The CDH13 gene, coding for H-cadherin, is a member of the cadherin family and a putative mediator of cell-cell interaction and cancer cell invasion and metastasis. It is considered as a tumor suppressor gene and may contribute to the enhancement of tumor progression and invasion (23) . However, we did not observe a correlation between CDH13 methylation and stage, tumor grade, lymph node status and metastasis, which may reflect the limited sample size used in this study.
Several genes have previously been shown to be aberrantly methylated in breast cancer (8, 24, 25) . Furthermore, breast cancer subtype-specific epigenotypes have been investigated through candidate gene approaches, as well as genome-wide Figure 2 . Unsupervised hierarchical clustering of the 5 candidate genes and samples using methylation data. Differential methylation patterns are indicated in yellow vs. blue. As noted, no differentiated clusters were generated by this statistical analysis. CDH13, cadherin 13 (H-cadherin); SFRP1, secreted frizzledrelated protein 1; RIZ1, retinoblastoma protein-interacting zinc-finger gene 1.
DNA methylation analysis. However, these observations require further confirmation as the methylation frequency of a candidate gene and subtype-specific methylation patterns vary between independent studies. For example, Bediaga et al (9) and Holm et al (10) who used the array-based DNA methylation-profiling approach, found that each molecular subtype of breast cancer displayed specific methylation profiles (9, 10) . However, these studies did not identify and validate specific genes, such as SFRP1 and CDH13, whose methylation status was used to discriminate between the basal-like and HER2 subtypes in our study. Nevertheless, our findings are consistent with those of previous studies, stating that the HER2 subtype is associated with the preferential hypermethylation of several genes, and that basal-like tumors have several genes with low methylation levels (9, 10, 22, 26) . Taken together, our results support the findings that methylation may play a significant role in different breast tumor phenotypes.
In the present study, we used quantitative DNA methylation analysis to measure the methylation frequency in 5 genes known to be involved in breast carcinogenesis and are commonly methylated in breast cancer. Pyrosequencing is uniquely capable of quantifying methylation in explicit sequence context, thereby enabling several consecutive CpG sites to be quantified individually in a single assay. Although approaches for genome-wide DNA methylation analysis hold promise for identifying novel epigenetic targets, pyrosequencing is effective for identifying and quantifying the aberrant methylation of breast cancer genes and determining the criteria that may characterize and discriminate specific molecular subtypes.
To detect possible common patterns of methylation associated with the breast cancer molecular subtypes, hierarchical clustering of the 5 genes was performed. However, the discriminating ability of clustering analysis was poor compared with using the methylation status of the SFRP1 gene alone. This may be due to the relatively small sample size and the small number of candidate genes, which were insufficient to produce meaningful results (27) . Furthermore, 3 of the 5 candidate genes, FHIT, Syk and RIZ1, displayed dissimilar methylation frequencies, and the methylation status of these genes may not be useful for the molecular classification of breast cancer.
Our study had several limitations. First, our study included a relatively small number of samples and candidate genes. These factors limit the application of our results to clinical settings. Further studies with a larger number of breast cancer cases are required to provide additional evidence. In addition, an analysis of additional candidate genes may help define subtype-specific methylation profiling for breast cancer classification. Second, we did not include normal breast tissue in the present study. Studies have shown that candidate genes are hypermethylated in breast tumors, whereas matched normal breast tissues have very low or no methylation levels (21, 22, (28) (29) (30) . However, direct comparisons of methylation levels in tumor tissue with those of normal tissue would be required to prove that epigenetic mechanisms may play a key role in the development of breast cancer. Furthermore, comparisons of gene expression with methylation levels in tumor and normal tissue would be helpful to address this issue further.
In conclusion, our study revealed that the basal-like subtype of breast cancer displays distinct methylation profiles compared to other subtypes. We found that the basal-like subtype is associated with low methylation levels of the SFRP1 gene, and that the hypermethylation of CDH13 differs among the molecular subtypes of breast cancer. These results suggest that the analysis of molecular markers, such as gene hypermethylation are useful for the improved characterization of molecular subtypes, and that the methylation levels of specific genes in breast cancer may potentially serve as epigenetic biomarkers and prognostic factors. Further studies with larger sample sizes and more comprehensive DNA methylation profiling with validation are required to clarify the predictive and prognostic value of gene methylation patterns in breast cancer.
